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Abstract 
Ionic liquids (ILs) are an emerging group of chemical compounds which possess promising properties such 
as having negligible vapor pressure. These so called designer solvents have the potential to replace volatile 
organic compounds in industrial applications. A large number of ILs, through the combination of different 
cations and anions, can potentially be synthesized. In this context, it will be useful to intelligently design 
customized ILs through computer-aided methods. Practical limitations dictate that any successful attempt 
to design new ILs for industrial applications requires the ability to accurately predict their melting point 
and viscosity as experimental data will not be available for designed structures. In this paper, we present 
two new correlation equations towards the more precise prediction of melting point and viscosity of ILs 
solely based on the inputs from quantum chemistry calculations (no experimental data or simulation results 
are needed). To develop these correlations we utilized data related to size, shape, and electrostatic properties 
of cations and anions that constitutes ILs. In this work, new descriptors such as dielectric energy of cations 
and anions as well as the values predicted by an ‘ad-hoc’ model for the radii of  cations and anions (instead 
of their van der waals radii) were used. An enormous form of correlation equations constituent of all 
different combinations of descriptors (as the inputs to the model) were tested. The average relative errors 
were measured to be 3.16% and 6.45% for the melting point, Tm, and ln(vis), respectively.  
  
 
 
1. Introduction 
Ionic liquids (ILs) are an emerging group of chemicals having interesting properties from negligible 
volatility, and high thermal stability to wide electrochemical window, and high solvency power. The 
aforementioned characteristics make ionic liquids a promising candidate for multitude of applications. Ionic 
liquids are mainly composed of large organic cations and organic or inorganic anions. Physical properties 
of ionic liquids can significantly vary from their sister compounds, ionic salts. The properties of ionic salts 
can be completely and solely attributed to their ionic nature since strong ionic bonds hold their particles 
together. Ionic salts are mostly made of small monoatomic ions in the close vicinity of one and other in 
their lattice crystal network. The lattice energy of crystalline compounds is proportional to the inverse of 
the distance between their lattice points. The ionic bonds in salts are very strong due to the relatively short 
distance between the small ions contributing to high values of melting point. On the contrary, ionic liquids 
are made up of larger multi-atomic cations and anions resulting in weaker ionic bonds. This explains the 
considerably low melting point and viscosity of ionic liquids compared to those of ionic salts. The multi-
atomic nature of cations and anions in ionic liquids is a great opportunity for researchers to fine tune their 
properties with customizing them for different applications. In ILs, cations, and occasionally anions, are 
composed of alkyl side chain groups (CH2, CH3, etc.) which can be accompanied with a number of 
functional groups (OH, NH2, COOH, etc.) to functionalize ionic liquids for different applications. A vast 
number of ILs (estimated to be about 1014)1 can be potentially synthesized through distinct combinations of 
different cation-cores, alkyl groups, functional groups, and anions. Careful evaluation of experimental data 
from literature on the physical and thermodynamic properties of ILs shows that substituting functional 
groups can drastically alter a property of interest in ionic liquids.  
Despite the fact that the ionic bonds in ILs are relatively weak, their properties can still be attributed to their 
ionic nature as even a weak ionic bond is still stronger than any other type of intermolecular forces. Crystal 
network of ionic materials (e.g. ionic liquids) are made of cations and anions held together by electrostatic 
attraction. The ionic force between charged particles is directly proportional to the charge of each particle 
and inversely to the distance between them. The larger the cations and anions are, the weaker the ionic 
bonds between them will be. This is due to the fact that by increasing the distance between two ions the 
electrostatic attraction, which holds them together, is reduced.  
Computer-aided optimization methods can help in designing optimal ionic liquids suitable for different 
applications from solvent extraction to thermal energy storage.2,3 ILs are generally salts that are in liquid 
phase below an arbitrary temperature, commonly 100°C. Therefore, several ILs are in solid state at room 
temperature. When it comes to the melting point of ILs, those with significantly lower melting points or 
“room temperature ionic liquids [RTILs]” (Tm<25°C), are of great interest to researchers seeking new 
industrial applications. One main reason for the desirability of low melting point of ILs is the fact that they 
are being considered as candidates (solvents or absorbents) for separation tasks involving selective 
dissolution of solutes in gas (e.g. CO2), liquid (e.g. toluene), or solid (e.g. cellulose) states. They are also 
widely considered as liquid solvents to promote chemical reactions.4,5 From a practical point of view, for 
an IL to be used as an industrial solvent it needs to be transported (pumped) across multiple unit operations 
and therefore it must be in the liquid phase.  
Another significant barrier towards commercialization of IL-based applications is their high viscous 
characteristics due to their ionic nature (existence of relatively strong ionic bonds) resulting in 
transportation difficulties. This necessitates the use of powerful pumping equipment and efficient process 
equipment to handle viscous fluids. Therefore, identification and customization of ILs that have relatively 
low viscosity and appropriate melting point will greatly aid in their accelerated discovery and 
commercialization. Several models exist for prediction of melting point and viscosity of ILs. In general, 
these models are either Quantitative Structure Property Relationship (QSPR) correlations6-8, group 
contribution (GC) type9-16, or molecular dynamics (MD) simulations.17-23 The main drawback of the QSPR 
and GC models is the narrow restrictions in choice of applicable compounds while the main limitation of 
MD simulations is the high computational demands and the need for starting geometry.24 In this paper, we 
present two empirical correlations to predict melting point and viscosity of ILs in a way that does not need 
experimental input or tedious simulations, but rely on inputs from simple quantum chemical calculations. 
 
 2. Methods 
Widely available data and research findings related to melting point and viscosity of salts explicitly shows 
that there is a meaningful relationship between the magnitude of the two properties and the lattice energy 
of ionic bonds. Generally, in an ionic compound, size (volume and area), shape (sphericity), molecular 
weight, and dielectric energy of ions, play important roles in determining the strength of an ionic bond. 
Normally, larger size of cations and anions, results in longer distances between these ions in the crystal 
lattice, making the ionic bond weaker. On the other hand, the shape of the ions is also important as they are 
better packed together when they are symmetrical in nature. It has been suggested that asymmetry of ions 
in an ionic compound, most likely, will decrease the melting point since the ions are more loosely connected 
and can be easily separated from each other (by applying lower amount of energy). When we studied the 
size of cations and anions of a wide variety of ionic liquids and compared with their melting points and 
viscosities, we found that there were several ILs that violated these general trends, i.e. ILs with relatively 
large cations and anions did not necessarily have low melting point or viscosity. One reason could be that 
in ionic liquids, ionic bonds are not the only intermolecular forces responsible for holding the particles 
together and other types of forces such as hydrogen bonding and polar-polar forces also come into play. 
Therefore we focused on using size, shape, and electrostatic properties to develop new correlations for the 
prediction of ILs’ melting points and viscosities. In order to better account for deviations discussed above 
we included, in addition to the three descriptors, several other quantum chemical descriptors to refine the 
correlations to cover a wide variety of ionic liquids. Another challenge was that for several ILs, there were 
multiple experimental values reported in literature for these two physical properties. This inconsistency was 
especially observed in the case of melting points which could be due to the existence of impurities or 
different crystal network systems. In this study, we did not include ILs that had inconsistent experimental 
values, during the development of the correlations. Ionic liquids selected for this study were all 1:1 (one 
cation and one anion) with delocalized charges. These types of ILs are normally able to avoid crystallization 
and form glasses compounds far below room temperature.25  
Currently, the most widely used approach to predict the melting point of ILs is quantitative structure-
property relationship (QSPR) models, mostly combined with artificial neural networks (ANNs).25 In this 
approach, there is a reasonably good correlation between actual and predicted melting points within a 
standard deviation of less than 10°C.25 The limited availability of experimental data on physical properties 
of ILs is the main drawback of constructing good QSPR models. In recent years, simulations with molecular 
dynamics (MD) have evolved to study the behavior of ILs. The quality of these simulations strongly 
depends on the employed force fields. Several groups have tuned them specifically for ILs, while others 
have modified previously existing force fields. For example, Alavi and Thompson25 have used MD 
simulations to predict the melting temperature of [C2MIm][PF6]. The demanding simulation indicated a 
melting point that was approximately 43°C too high.25  
Quantum chemistry data related to the constituents of the ILs, i.e. cations and anions, were obtained using 
TURBOMOLE software which is a powerful, general-purpose Quantum Chemistry (QC) program, for ab-
initio electronic structure calculations.26 This software allows for accurate prediction of cluster structures, 
conformational energies, excited states, and dipoles that can be utilized for different purposes. When a 
chemical compound, in our case a cation or an anion, is simulated using TURBOMOLE, it can be exported 
as a Cosmo file, which can be used in COSMOtherm software.26 COSMOtherm is a universal tool, which 
combines quantum chemistry (QC) and thermodynamic laws to calculate different properties of chemicals 
and solvents.27 This method can estimate the chemical potential of different molecules (in pure or mixed 
forms) at different temperatures. In contrast to other methods, COSMOtherm can predict thermodynamic 
properties of compounds as a function of concentration and temperature by equations, which are 
thermodynamically consistent.27 In the this study, for all the cations and anions, their corresponding 
COSMO files were imported from COSMObaseIL database (Version 1501), provided by the Cosmologic 
Company, in which the compounds geometries are optimized, the ground state energies are calculated, and 
the corresponding COSMO and gasphase files are generated all using TZVP (BP_TZVP_C30_1501) basis 
set. In the next step, the computational chemistry information of the selected cations and anions, required 
for the development of the correlative equations, were collected from their COSMO files. These data were 
either used directly (without any changes) or as a combination with other data (as the secondary descriptors) 
as the inputs to the correlative equations utilized to predict the melting point and viscosity of ILs. 
 
3. Results and Discussion 
Molar mass of cation (MWC), molar mass of anion (MWA), volume of anion [Ao]3 (VolA), volume of cation 
[Ao]3 (VolC), Area of anion [Ao]2 (AreaA), Area of cation [Ao]2 (AreaC), dielectric energy of cation (DiC), 
dielectric energy of anion (DiA), symmetrical values of ions (σ), density [
𝑘𝑔
𝑚3
] (ρ) and the average distance 
between a cation and an anion in the network [Ao]3 (Rt) were selected as descriptors to develop the proposed 
empirical correlations. Accurate measurements of volume, surface area and ionic radii of cations and anions 
are only possible through X-ray diffraction method. When X-ray data is unavailable correlative or 
approximation methods (e.g. van der Waals model) need to be used to estimate the characteristics that are 
related to the size and shape of ions. X-ray diffraction data is very sparse for the case of ILs and since we 
are interested in development of a universal correlation covering a wide range of IL structures, we have to 
rely on predictive data. Typical cations and anions of ILs, do not usually have spherical shapes, so it is 
necessary to estimate their ionic radii using correlative approaches. We selected ions for which the value 
of the experimental ionic radii were available. Next, for those selected ions, we also estimated the ionic 
radii using van der Waals model where all cations and anions are assumed to have a spherical shape. The 
volumes of corresponding ions were estimated using COSMOtherm software and were converted to ionic 
radii using Eqn.1.   
RCalc =
3
4
×
1
π
× Vol1/3          Eqn.1 
A linear correlation between the experimental values of the cations and anions radii and the corresponding 
values of their van der Waals radii is shown in Figure 1. As it can be seen from Figure 1, the actual and 
predicted ionic radii are perfectly correlated through a linear relationship (R2=0.98622). The corresponding 
linear fit is shown in Eqn.2. 
𝑅𝑃𝑟𝑒𝑑 = 0.48601 × 𝑅𝐶𝑎𝑙𝑐 − 0.01725        Eqn.2 
 
     Figure 1. A correlation between the van der Waals (VdW) and actual radii of ions in ILs  
 
Although, there were only few experimental data points available for use in this correlation, we see that this 
data covers a wide range of VdW ionic radii from 3.8 to 7.5 A0. Therefore, we were comfortable in using 
this linear relationship to estimate the unknown values of ionic radii of other cations and anions considered 
in this study. First, the ionic radius of each cation or anion was calculated using Eqn.1 from the volume 
calculated by COSMOtherm software. This value was corrected using Eqn.2 to arrive at the predicted ionic 
radii. The distance between anions and cations, Rt, were estimated as the sum of ionic radii of cations and 
anions present in the crystal network of ILs. The symmetrical value of ionic liquids, σ, were calculated 
using the sphericity of cations and anions. Sphericity is a measure of how spherical an object is and can be 
estimated using Eqn.3. 
𝑆𝑝ℎ =
𝜋
1
3(6𝑉𝑝)
1
3
𝐴𝑝
          Eqn.3 
where Vp and Ap are the volume and surface area, respectively.  
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Further, the symmetrical value of ionic liquids were calculated using Eqn.4. 
 
𝜎 = √𝑆𝑝ℎ𝐶 ∗ 𝑆𝑝ℎ𝐴          Eqn.4. 
where SphC and SphA are the sphericity of cations and anions in the IL of interest, respectively.  
3.1 Melting point 
Experimental melting point data of several ILs covering a wide range of categories (different type of cation 
cores,  anions, functional groups etc.), were gathered from the literature.28-46 A multivariate correlation with 
inputs based on quantum chemistry descriptors, and the output of the experimental values of melting point, 
Tm, was performed utilizing Eureqa software, a data analysis tool developed by Nutonian, Inc. Out of the 
37 experimental melting point data, 17 (i.e. 45% of the data points) were chosen as part of the validation 
set (depicted in green in Figure 2), which were not used in the process of the model development. 
The experimental data along with the correlated multivariate trend line, that was developed to predict the 
melting point of ILs as a function of their QC parameters, is shown in Figure 2. It can be seen from Figure 
2 that the trend line strongly captures the fluctuations in the melting point data. 
 
Figure 2. Experimental vs. model predicted melting point data (black-Training set; Green-Validation set) 
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Figure 3 presents a comparison between the experimental (observed) melting point data and the 
corresponding predictions based on the developed correlation.  
 
 
Figure 3. Goodness of the model predictions for the melting point of ILs 
 
The best mutivariative correlation (having highest R2) for predicting the melting point of ILs, shown in 
Eqn.5, uses the QC descriptors of the cation and anion radii, density of ionic liquids, symmetrical value, 
molecular weight of cation, and the dielectric energy of anion. 
Tm = a (𝑅𝐴) + b (ρ) + c (𝑅𝐶)(σ) − d − e(𝑀𝑊𝐶) − f(𝐷𝑖𝐴)     (5) 
a=11.38, b=0.05413, c=196.6, d=434.3, e=0.649, f=1661 
Table 1 lists the characteristics related to the selected predictive empirical correlation. 
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Table 1. Model Accuracy for prediction of melting point 
 
3.2 Viscosity 
Experimental data on the viscosity of several ILs at different temperatures, were gathered from the 
literature.46-65 Once more, a multivariate correlation with several quantum chemistry descriptors along with 
temperature as input parameters, and ln (viscosity), as the output parameter, was developed using Eureqa 
software. 
In this case, we used 131 viscosity data points, out of which, 83 were chosen as part of the validation set 
(depicted in green in Figure 4), which again were not used for model development purposes. The 
experimental viscosity data points and the correlated multivariate trend line that was developed to predict 
the viscosity of ILs as a function of QC descriptors, is shown in Figure 4. It can be seen from Figure 4 that, 
the trend line strongly captures the fluctuations in the viscosity of selected ILs.  
 
 
Parameter Value-All data Value-Test data Value-Train data 
R2 (Goodness of Fit) 0.91 --- --- 
Maximum Relative Error (%) 9.87 9.87 9.41 
Avg. Relative Error (%) 3.16 2.77 3.48 
 Figure 4. Experimental vs. model predicted viscosity data (black-Training set; Green-Validation set) 
 
Figure 5 presents a comparison between the experimental viscosity data and the corresponding 
predictions based on the developed correlation.  
 
 
Figure 5. Goodness of the model for prediction of viscosity of ILs-test data only 
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 The best multivariate correlation (having highest R2) for viscosity, shown in Eqn.6, uses the descriptors of 
the symmetrical value, distance between anions and cations, anion volume and surface area, temperature 
and the dielectric energy of anion and cation. 
ln(vis) = a (σ) +  b (Rt) + c (VolA) − d − e (AreaA) −  f  (T) − g (DiA) − h (DiC)   Eqn.6 
a=16.513, b=2.2179, c=0.00892, d=15.0073, e=0.02686, f=0.02975, g=15.8297, h=48.1367 
Table 2 lists the characteristics related to the empirical model used to predict the viscosity of ILs as a 
function of QC parameters and temperature.  
It is noteworthy that the average error in the prediction of viscosity of different classes of ionic liquids (i.e. 
ionic liquids with different cation head groups at a wide range of temperature) using the semi-empirical 
model of this study was calculated to be 6.45%. This shows a significant improvement in the accuracy of 
the prediction compared to the model used in Preiss et al.25 (which has ~18% absolute error for the same 
group of ionic liquids) study which is currently incorporated in COSMOTherm software. 
 
Table 2. Model Accuracy for prediction of viscosity  
Parameter Value-All data Value-Test data Value-Train data 
R2 (Goodness of Fit) 0.91 --- --- 
Maximum Relative Error (%) 20.78 20.51 20.78 
Avg. Relative Error (%) 6.45 7.40 4.81 
 
4. Comparison 
There have been several studies focusing9-16 on prediction of the physical properties of ionic liquids using 
group contribution (GC) approaches. In these methods, a value is attributed to each structural group (a 
cation head group, a side chain group attached to the cation and an anion). Optimization frameworks are 
used to regress experimental data points on the physical properties of chemicals, in this case ionic liquids, 
to equations comprising the weighted summation of the contribution of structural groups (i.e. number of 
each structural group multiply by its corresponding contribution). GC methods are limited to the structural 
groups for which experimental data are available. Therefore, these methods, even if accurate, can only be 
used for the structural groups which were available in the initial set of data used to develop the model. This 
study is not to invalidate the group contribution models used predict viscosity and melting point of ionic 
liquids since these methods can be very useful in trend analysis in which the effect of different structural 
groups on physical properties can be studied. Only it is noteworthy that models errors in this study for 
prediction of two of the most important physical properties of ionic liquids (melting point and viscosity) 
are comparable to those achieved by group contribution models9-16 (i.e. less than 10% absolute error). The 
main difference is that the models in this study are solely ab initio meaning that there is no need for 
experimental data and they can be used to predict properties of all classes of ionic liquids even those for 
which no experimental data is available thereby GC models cannot be applied.          
 
5. Conclusion 
In this study, we present two multivariate empirical correlations to predict the melting point and viscosity 
of ILs with relatively high accuracy. Prediction of these two properties of ILs is critical as they have a 
significant influence on the practical applicability of ILs for industrial applications. The input parameters 
in the case of melting point (Tm) prediction were all quantum chemistry (QC) descriptors and in the case 
of viscosity were QC descriptors and temperature. These correlations can be utilized as long as the structure 
of a new ionic liquid is known and the quantum chemistry calculations can be performed to simulate the IL 
and estimate the descriptors related to size, shape, electrostatic energies, and the polarity which can be used 
to predict the macroscopic properties, melting point and viscosity. The correlative model developed for the 
prediction of viscosity of ionic liquids can be used to predict transport properties, such as diffusion 
coefficient, of novel ionic liquids which can be further used to conduct environmental fate and transport 
modeling of these ionic liquids using the framework described in our previous work.66  
Acknowledgement 
This material is based upon work supported by the United States National Science Foundation (CAREER 
Program) under Grant No. 1151182. 
References 
(1) Rogers, R. D.; Seddon, K. R. Ionic liquids--solvents of the future? Science 2003, 302(5646), 792-793. 
 
(2) Karunanithi, A. T.; Mehrkesh, A. Computer‐aided design of tailor‐made ionic liquids. AIChE Journal 
2013, 59, 4627-4640. 
 
(3) Mehrkesh, A.; Karunanithi, A. T. Optimal Design of Ionic Liquids for Thermal Energy Storage. Under 
Review by the Journal of Computers & Chemical Engineering 2015.  
 
(4) Cole, A. C.; Jensen, J. L.; Ntai, I.; Tran, K. L. T.; Weaver, K. J.; Forbes, D. C.; Davis, J. H. Novel 
Brønsted acidic ionic liquids and their use as dual solvent-catalysts. Journal of the American Chemical 
Society 2002, 124, 5962-5963. 
 
(5) Wilkes, J. S. Properties of ionic liquid solvents for catalysis. Journal of Molecular Catalysis A: 
Chemical 2004, 214, 11-17. 
 
(6) Yan, F.; Xia, S.; Wang, Q.; Yang, Z.; Ma, P. Predicting the melting points of ionic liquids by the 
Quantitative Structure Property Relationship method using a topological index. The Journal of Chemical 
Thermodynamics 2013, 62, 196-200. 
 
(7) Trohalaki, S.; Pachter, R.; Drake, G. W.; Hawkins, T. Quantitative structure-property relationships for 
melting points and densities of ionic liquids. Energy & Fuels 2005, 19(1), 279-284. 
 
(8) Gharagheizi, F.; Mirkhani, S. A.; Keshavarz, M. H.; Farahani, N.; Tumba, K. A molecular-based model 
for prediction of liquid viscosity of pure organic compounds: A quantitative structure property relationship 
(QSPR) approach. Journal of the Taiwan Institute of Chemical Engineers 2013, 44(3), 359-364. 
 
(9) Gardas, R. L.; Coutinho, J. A. A group contribution method for viscosity estimation of ionic 
liquids. Fluid Phase Equilibria 2008, 266(1), 195-201 
 
(10) Matsuda, H.; Yamamoto, H.; Kurihara, K.; Tochigi, K. Computer-aided reverse design for ionic liquids 
by QSPR using descriptors of group contribution type for ionic conductivities and viscosities. Fluid Phase 
Equilibria 2007, 261(1), 434-443.  
 
(11) Gharagheizi, F.; Ilani-Kashkouli, P.; Mohammadi, A. H.; Ramjugernath, D.; Richon, D. Development 
of a group contribution method for determination of viscosity of ionic liquids at atmospheric 
pressure. Chemical engineering science 2012, 80, 326-333 
 
(12) Gharagheizi, F.; Ilani-Kashkouli, P.; Mohammadi, A. H. Computation of normal melting temperature 
of ionic liquids using a group contribution method. Fluid Phase Equilibria 2012, 329, 1-7. 
 
(13) Lazzús, J. A. A group contribution method to predict the melting point of ionic liquids. Fluid Phase 
Equilibria 2012, 313, 1-6. 
 
(14) Huo, Y.; Xia, S.; Zhang, Y.; Ma, P. Group contribution method for predicting melting points of 
imidazolium and benzimidazolium ionic liquids. Industrial & engineering chemistry research 2009, 48(4), 
2212-2217. 
 
(15) Aguirre, C. L.; Cisternas, L. A.; Valderrama, J. O. Melting-point estimation of ionic liquids by a group 
contribution method. International Journal of Thermophysics 2012, 33(1), 34-46. 
 
(16) Gardas, R. L.; Coutinho, J. A. Group contribution methods for the prediction of thermophysical and 
transport properties of ionic liquids. AIChE Journal 2009, 55(5), 1274-1290. 
 
(17) Alavi, S.; Thompson, D. L. Molecular dynamics studies of melting and some liquid-state properties of 
1-ethyl-3-methylimidazolium hexafluorophosphate [emim][PF6]. The Journal of chemical physics 2005, 
122(15), 154704. 
 
(18) Jayaraman, S.; Maginn, E. J. Computing the melting point and thermodynamic stability of the 
orthorhombic and monoclinic crystalline polymorphs of the ionic liquid 1-n-butyl-3-methylimidazolium 
chloride. The Journal of chemical physics 2007, 127(21), 214504. 
 
(19) Batista, M. L.; Coutinho, J. A.; Gomes, J. R. Prediction of Ionic Liquids Properties through Molecular 
Dynamics Simulations. Curr. Phys. Chem. 2014, 4, 151-172. 
 
(20) Ghatee, M. H.; Zare, M.; Moosavi, F.; Zolghadr, A. R. Temperature-dependent density and viscosity 
of the ionic liquids 1-alkyl-3-methylimidazolium iodides: experiment and molecular dynamics simulation. 
Journal of Chemical & Engineering Data 2010, 55(9), 3084-3088. 
 
(21) Weingärtner, H. Understanding ionic liquids at the molecular level: facts, problems, and 
controversies. Angewandte Chemie International Edition 2008, 47(4), 654-670. 
 
(22) Yan, T.; Li, S.; Jiang, W.; Gao, X.; Xiang, B.; Voth, G. A. Structure of the liquid-vacuum interface of 
room-temperature ionic liquids: a molecular dynamics study. The Journal of Physical Chemistry B 2006, 
110(4), 1800-1806 
 
(23) Köddermann, T.; Paschek, D.; Ludwig, R. Molecular dynamic simulations of ionic liquids: A reliable 
description of structure, thermodynamics and dynamics. Chem. Phys. Chem. 2007, 8(17), 2464-2470. 
 
(24) Preis, T.; Virnau, P.; Paul, W.; Schneider, J. J. GPU accelerated Monte Carlo simulation of the 2D and 
3D Ising model. Journal of Computational Physics 2009, 228(12), 4468-4477. 
 
(25) Preiss, U.; Bulut, S.; Krossing, I. In silico prediction of the melting points of ionic liquids from 
thermodynamic considerations: a case study on 67 salts with a melting point range of 337° C. The Journal 
of Physical Chemistry B  2010, 114, 11133-11140. 
 
(26) TURBOMOLE V7.0 2015, a development of University of Karlsruhe and Forschungszentrum 
Karlsruhe GmbH, 1989-2007, TURBOMOLE GmbH, since 2007; available from 
http://www.turbomole.com 
 
(27) Eckert, F., and A. Klamt. "COSMOtherm Version C30, Release 14.01. COSMOlogic 
GmbH & Co. KG, Leverkusen, Germany." Available at www. cosmologic.de (2014). 
 
(28) Fredlake, C. P.; Crosthwaite, J. M.; Hert, D. G.; Aki, S. N.; Brennecke, J. F. Thermophysical properties 
of imidazolium-based ionic liquids. Journal of Chemical & Engineering Data 2004, 49, 954-964. 
 
(29) Hu, H. C.; Soriano, A. N.; Leron, R. B.; Li, M. H. Molar heat capacity of four aqueous ionic liquid 
mixtures. Thermochimica Acta 2011, 519, 44-49. 
 
(30) Vila, J.; Fernández-Castro, B.; Rilo, E.; Carrete, J.; Domínguez-Pérez, M.; Rodríguez, J. R.;... & 
Cabeza, O. Liquid–solid–liquid phase transition hysteresis loops in the ionic conductivity of ten 
imidazolium-based ionic liquids. Fluid Phase Equilibria 2012, 320, 1-10. 
 
(31) Bradley, J-C. 2011, Alfa Aesar melting point data now openly available. 
 
(32) Hughes, T. J.; Syed, T.; Graham, B. F.; Marsh, K. N.; May, E. F. Heat capacities and low temperature 
thermal transitions of 1-hexyl and 1-octyl-3-methylimidazolium bis (trifluoromethylsulfonyl) 
amide. Journal of Chemical & Engineering Data 2011, 56, 2153-2159. 
 
(33) Lourenço, C.; Melo, C. I.; Bogel-Łukasik, R.; Bogel-Łukasik, E. Solubility advantage of pyrazine-2-
carboxamide: Application of alternative solvents on the way to the future pharmaceutical 
development. Journal of Chemical & Engineering Data 2012, 57, 1525-1533. 
 
(34) Bradaric, C.  J.; Downard, A.; Kennedy, C.; Robertson, A. J.; Zhou, Y. Industrial preparation of 
phosphonium ionic liquids. Green Chemistry 2003, 5, 143-152. 
 
(35) Coker, T. G.; Ambrose, J.; Janz, G. J. Fusion properties of some ionic quaternary ammonium 
compounds. Journal of the American Chemical Society 1970, 92, 5293-5297. 
 
(36) ChemFiles, Enabling Technologies-Ionic Liquids, Vol.5 No.6. 
www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Aldrich/Brochure/al chemfile_v5_n6.pdf 
 
(37) Li, H.; Zhao, G.; Liu, F.; Zhang, S. Physicochemical Characterization of MF m–Based Ammonium 
Ionic Liquids. Journal of Chemical & Engineering Data 2013, 58, 1505-1515. 
 
(38) Verevkin, S. P.; Zaitsau, D. H.; Emel’yanenko, V. N.; Ralys, R. V.; Yermalayeu, A. V.; Schick, C. 
Does alkyl chain length really matter? Structure–property relationships in thermochemistry of ionic liquids. 
Thermochimica Acta 2013, 562, 84-95. 
 
(39) Nishida, T.; Tashiro, Y.; Yamamoto, M. Physical and electrochemical properties of 1-alkyl-3-
methylimidazolium tetrafluoroborate for electrolyte. Journal of Fluorine Chemistry 2003, 120, 135-141. 
 
(40) Fletcher, S. I.; Sillars, F. B.; Hudson, N. E.; Hall, P. J. Physical properties of selected ionic liquids for 
use as electrolytes and other industrial applications. Journal of Chemical & Engineering Data 2009, 55, 
778-782. 
 
(41) Wachter, P.; Schweiger, H. G.; Wudy, F.; Gores, H. J. Efficient determination of crystallization and 
melting points at low cooling and heating rates with novel computer controlled equipment. The Journal of 
Chemical Thermodynamics 2008, 40, 1542-1547. 
 
(42) Zhang, Z. H.; Tan, Z. C.; Li, Y. S.; Sun, L. X. Thermodynamic investigation of room temperature ionic 
liquid. Journal of thermal analysis and calorimetry 2006, 85, 551-557. 
 
(43) MacFarlane, D. R.; Meakin, P.; Amini, N.; Forsyth, M. Structural studies of ambient temperature 
plastic crystal ion conductors. Journal of physics: condensed matter 2001, 13, 8257. 
 
(44) Lourenço, C.; Melo, C. I.; Bogel-Łukasik, R.; Bogel-Łukasik, E. Solubility advantage of pyrazine-2-
carboxamide: Application of alternative solvents on the way to the future pharmaceutical 
development. Journal of Chemical & Engineering Data 2012, 57, 1525-1533. 
 
(45) Liu, Q. S.; Yang, M.; Li, P. P.; Sun, S. S.; Welz-Biermann, U.; Tan, Z. C.; Zhang, Q. G. 
Physicochemical properties of ionic liquids [C3py][NTf2] and [C6py][NTf2]. Journal of Chemical & 
Engineering Data 2011, 56, 4094-4101. 
 
(46) Zhang, S.; Sun, N.; He, X.; Lu, X.; Zhang, X. Physical properties of ionic liquids: database and 
evaluation. Journal of physical and chemical reference data 2006, 35(4), 1475-1517. 
 
(47) Carvalho, P. J.; Regueira, T.; Santos, L. M.; Fernandez, J.; Coutinho, J. A. Effect of Water on the 
Viscosities and Densities of 1-Butyl-3-methylimidazolium Dicyanamide and 1-Butyl-3-
methylimidazolium Tricyanomethane at Atmospheric Pressure†. Journal of Chemical & Engineering Data 
2009, 55, 645-652. 
 
(48) Harris, K. R.; Kanakubo, M.; Woolf, L. A. Temperature and pressure dependence of the viscosity of 
the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate: viscosity and density relationships in ionic 
liquids. Journal of Chemical & Engineering Data 2007, 52, 2425-2430. 
 
(49) Seddon, K. R.; Stark, A.; Torres, M. J. Influence of chloride, water, and organic solvents on the 
physical properties of ionic liquids. Pure and Applied Chemistry 2000, 72, 2275-2287. 
 
(50) Baker, S. N.; Baker, G. A.; Kane, M. A.; Bright, F. V. The cybotactic region surrounding fluorescent 
probes dissolved in 1-butyl-3-methylimidazolium hexafluorophosphate: effects of temperature and added 
carbon dioxide. The Journal of Physical Chemistry B 2001, 105, 9663-9668. 
 
(51) Tokuda, H.; Tsuzuki, S.; Susan, M. A. B. H.; Hayamizu, K.; Watanabe, M. How ionic are room-
temperature ionic liquids? An indicator of the physicochemical properties. The Journal of Physical 
Chemistry B 2006, 110, 19593-19600. 
 
(52) Jacquemin, J.; Husson, P.; Padua, A. A.; Majer, V. Density and viscosity of several pure and water-
saturated ionic liquids. Green Chemistry 2006, 8, 172-180. 
 
(53) Almeida, H. F.; Passos, H.; Lopes-da-Silva, J. A.; Fernandes, A. M.; Freire, M. G.; Coutinho, J. A. 
Thermophysical properties of five acetate-based ionic liquids. Journal of Chemical & Engineering Data 
2012, 57, 3005-3013. 
 (54) Ghatee, M. H.; Zare, M.; Moosavi, F.; Zolghadr, A. R. Temperature-dependent density and viscosity 
of the ionic liquids 1-alkyl-3-methylimidazolium iodides: experiment and molecular dynamics 
simulation. Journal of Chemical & Engineering Data 2010, 55, 3084-3088. 
 
(55) Freire, M. G.; Teles, A. R. R.; Rocha, M. A.; Schröder, B.; Neves, C. M.; Carvalho, P. J.; ... & 
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(62) Gaciño, F. M.; Regueira, T.; Lugo, L.; Comuñas, M. J.; Fernández, J. Influence of molecular structure 
on densities and viscosities of several ionic liquids. Journal of Chemical & Engineering Data 2011, 56, 
4984-4999. 
 
(63) Bhattacharjee, A.; Carvalho, P. J.; Coutinho, J. A. The effect of the cation aromaticity upon the 
thermophysical properties of piperidinium-and pyridinium-based ionic liquids. Fluid Phase Equilibria 
2014, 375, 80-88. 
 
(64) Królikowska, M.; Zawadzki, M.; Królikowski, M. Physicochemical and thermodynamic study on 
aqueous solutions of dicyanamide–based ionic liquids. The Journal of Chemical Thermodynamics 2014, 
70, 127-137. 
 
(65) Gaciño, F. M., Regueira, T., Lugo, L., Comuñas, M. J., & Fernández, J. Influence of molecular 
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